ErbB2, a member of the receptor tyrosine kinase family, is frequently over-expressed in breast cancer. Proteolysis of the extracellular domain of ErbB2 results in constitutive activation of ErbB2 kinase. Recent study reported that ErbB2 is found in the nucleus. Here, we showed that ErbB2 is imported into the nucleus through a nuclear localization signal (NLS)-mediated mechanism. The NLS sequence KRRQQKIRKYTMRR (aa655-668) contains three clusters of basic amino acids and it is sufficient to target GFP into the nucleus. However, mutation in any basic amino acid cluster of this NLS sequence significantly affects its nuclear localization. Furthermore, it was found that this NLS is essential for the nuclear localization of ErbB2 since the intracellular domain of Erb2 lacking NLS completely abrogates its nuclear translocation. Taken together, our study identified a novel nuclear localization signal and reveals a novel mechanism underlying ErbB2 nuclear trafficking and localization.
INTRODUCTION
The ErbB family of receptor tyrosine kinases, including the EGF receptor (EGFR), ErbB2/HER2/Neu, ErbB3 and ErbB4, regulates cellular proliferation, differentiation, and programmed cell death in a growth factor-dependent manner [1] . The proto-oncogene ErbB2 encodes a 185KDs protein (P185) that is over-expressed in 25-30% of the patients with breast cancer and part of the patients with ovarian, lung, gastric, and oral cancers [2, 3] . ErbB2, like other ErbB family numbers, contains an extracellular domain (ECD, amino acids 1-632), a hydrophobic transmembrane domain (TM, amino acids 633-654), and an intracellular domain (ICD, amino acids 655-1234) [4] . Ligand binding is thought to initiate the formation of homoand hetero-dimers with other ErbB members [5] . However, a distinguishing characteristic of ErbB2 is that it lacks a ligand. Instead, ErbB2 tends to form hetero-dimer with other ErbB family members to generate high-affinity complexes for different ligands [6] . This process is followed by intrinsic tyrosine kinase-mediated autophosphorylation and ultimately results in activated receptor complexes and downstream signaling cascade [7] .
Although it is commonly known that tyrosine kinase receptors such as the ErbB family function as signaling initiators on the cell membrane, evidences have begun to accumulate that receptors or fragments of receptors travel from the plasma membrane to the nucleus by different mechanisms and may act as a kinase or transcription factor in the nucleus [8] [9] [10] . The reported tyrosine kinase receptors include four members of ErbB family [11] [12] [13] [14] [15] and other tyrosine kinase receptors like VEGF receptor [16] , FGF receptor [17, 18] and NGF receptor [19] . However, the four members of ErbB family were translocated in the nucleus in different form. In the case of EGFR, the complete ligand-full length receptor complex was reported to be present in the nucleus [11] . Nuclear ErbB3 was localized to the nucleus as full-length protein [13] , while only the intracellular domain ErbB4 can be targeted to the nucleus [14, 15] . In the case of ErbB2, it has been recently demonstrated that full-length ErbB2 is located to the nucleus by a combination of electron microscopy, fluorescence microscopy, immunohistochemistry and biochemical fraction [12] . However, a great deal of studies have shown that the extracellular domain (ECD) ErbB2 can be proteolyzed from the cell membrane, which results in constitutive activation of the remaining membrane-associated ErbB2 domain [20, 21] . Monoclonal antibodies targeting the ErbB2 ectodomain, such as trastuzumab and 4D5, have been shown to abrogate the ErbB2 activation processes and to interfere with ErbB2-dependent gene expression. One of the mechanisms mediating these ef-
fects is the prevention of ErbB2 ectodomain cleavage [22, 23] . Despite full-length ErbB2 was found in the nucleus, it was unclear whether the ICD of ErbB2 can also target to the nucleus like ErbB4 [12] . The subcellular location of an individual protein depends largely on whether its amino acid sequence contains sorting signals directing the protein to specific cellular location. Nuclear Localization Signals (NLS), which can direct protein through the nuclear pore complex, are characteristically rich in the basic amino acids lysine and arginine [24] . In ErbB family, nuclear localization signals have been identified within ErbB3 [13] , ErbB4 [1] , and a putative juxtamembrane EGFR NLS was shown to mediate nuclear translocation of β-galactosidase [11] . Although the nuclear translocation of ErbB2 has been reported [12, 25] , the molecular mechanism underlying the nuclear targeting of ErbB2 remains elusive.
Here we demonstrated that a novel nuclear localization signal exists within ErbB2 ( 655 KRRQQKIRKYTMRR
668
). Fusing this NLS to GFP drove the resulting fusion protein into the nucleus. Mutation of any basic amino acid residues in this region minimizes the nuclear localization of ErbB2.
MATERIALS AND METHODS

ErbB-2 cDNA
The human ErbB-2 cDNA used in these experiments has been cloned into the vector pBaBe that was a gift from Dr. Greene MI (School of Medicine, University of Pennsylvania, Philadelphia)
Oligonucleotides
All primers used in this study are listed in Tab. 1. Restriction enzyme sites are underlined.
Plasmid construction
Using plasmid pBaBe bearing the ErbB-2 gene as a template, primer pairs Pnb1/Pcs580, Pnb1/Pcs45p, Pnb1/Pcs35, Pnb1/Pcs25, Pnb1/Pcs100, Pnb15/Pcs45, Pnb15/Pcs580 and Pnb15/Pcs100 were used for amplification of the corresponding ErbB2 fragments and inserted into the SalI/BglII digested vector pEGFP-C1 ( BD Bioscience Clontech, Palo Alto, CA). Then eight recombinant plasmids are generated as follows: GFP-ErbB2Δ655-1234, GFP-ErbB2Δ655-699, GFP-ErbB2Δ655-689, GFP-ErbB2Δ655-679, GFP-ErbB2Δ655-754, GFP-ErbB2Δ669-699, GFP-ErbB2Δ669-1234 and GFPErbB2Δ669-754.
Since the gene fragment of 14 amino acid sequence NLS is short, we chose a MluI site out of MCS of pEGFP-C1 vector. The 14-amino acid sequence containing the putative NLS of ErbB2 was fused to GFP using an MluI site as 3' enzyme site. To construct this plasmid GFP-ErbB2Δ655-668, the pEGFP-C1 was firstly amplified in a PCR using forward Pn14-1 and reverse Pcm14. The PCR product was then used as a template with forward primer Pnb14-2 and reverse primer Pcm14 [26] . The final PCR product was digested with BglII/MluI and ligated to pEGFP-C1 vector digested with BglII/ MluI.
The constructs Mut1 and Mut2 are generated by ligation of the BglII/SalI digested PCR product from amplified pBaBe using primer pairs Pmut1b/Pcs45, Pmut2b/Pcs45, respectively, and the corresponding BglII/SalI digested pEGFP vector.
To construct plasmid Mut3, we first amplified pBaBe with primer pair Pmut3-1/Pcs45 while this PCR product was used as template and amplified with primer pair Pmut3-2b/Pcs45. The PCR product was digested with BglII/SalI and ligated to the corresponding pEGFP vector.
The constructs Flag-ICD and Flag-ICDΔNLS are generated by ligation of the BglII/SalI digested PCR product from amplified pBaBe using primer pairs PFlagDn /Pcs45, PFlagDdn/Pcs45, respectively, and the corresponding BglII/SalI digested p3XFLAG-myc-CMV TM -24 vector (Sigma).
The correct orientation and insertion of fragments in each of the constructs were confirmed by DNA sequencing.
Cell lines and transfections
Monkey kidney fibroblasts COS-7cells (Type Culture Collection of Chinese Academy of Science) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% calf BS, 100 µg/ml penicillin and 100 units/ml streptomycin. Human cervix adenocarcinoma HeLa cells (Type Culture Collection of Chinese Academy of Tab. 1 All the primers used in this study are list as follows Restriction enzyme sites are underlined. Science) were grown in Eagle's minimum essential medium supplemented with 10 % calf BS, 100µg/ml penicillin, 100 units/ml streptomycin. Transfection was carried out using Lipofectamine (Invitrogen) according to the manufacturer's specifications.
Visualization of GFP fluorescence
Cells were observed on dishes with an inversed fluorescence microscope (Olympus IX70). Fluorescence images were captured using Viewfinder Lite 1.0 (magnification×200).
Immunofluorescence microscopy
Cells were grown on acid-treated glass coverslips. After transfection, cells were washed twice with PBS. Permeabilization was carried out for 3 min in 0.1%Triton X-100 at room temperature. Pre-extracted cells were fixed in 3.7% paraformaldehyde for 10 min. After washing three times with PBS, cells were blocked with 1% BSA (Sigma) in PBS containing 0.05% Tween-20 for 1 h, and then incubated with primary antibodies for 1 h followed by secondary antibodies for 1 h. Slides were examined with a Zeiss Axiovert-200 fluorescence microscope, and images were collected and analyzed with Image-5 (Carl Zeiss, Germany).
RESULTS
ErbB2 intracellular domain is located in the nucleus
Studies on the ErbB2 extracellular domain (ECD) shedding revealed that the activation of remaining membraneassociated domain led to increased signal transduction [20] , suggesting that the intracellular domain of ErbB2 might target to the nucleus like that of ErbB4.
To test our hypothesis, fusion protein comprising green fluorescent protein (GFP) at NH2-terminus of the ErbB2 intracellular domain (Fig. 1A) were transiently expressed in HeLa cells. Interestingly, the fusion protein (molecular weight 90 kDa; GFP-ICD) was indeed localized to the nucleus ( Fig. 1B; c, d ). To validate the specificity of this phenotype, we carried out our experiment using a different cell line. As shown in Fig. 1C , GFP-ICD is also translocated into the nucleus in COS-7 cells. Given the fact that nuclear pore limits the passive translocation of any passenger protein greater than 60 kDa, the uptake of the GFP-ICD fusion protein (90 kDa) is most likely via NLS located within the ICD of ErbB2.
Identification of a Nuclear Localization Signal in ErbB2
Since nuclear localization is usually mediated by NLS within the proteins, we therefore analyzed the ErbB2 protein sequences for confirmation of the presence of NLS using softwares PSORT II (http://psort.nibb.ac.jp) and PredictNLS (http://cubic.bioc.columbia.edu/predictNLS). Although analyses using PSORTII and PredictNLS did not reveal any typical NLS, we found a sequence KRRQQKIR KYTMRR (amino acids 655 to 668) in juxtamembrane intracellular domain of ErbB2 that is similar to the NLS of ErbB4 (RRKSIKKKRALRR; amino acids 676-688) and putative NLS of EGFR (RRRHIVRKRTLRR; amino acids 669-681), which are also located to the same cytoplasmic juxtamembrane domain of each protein respectively. The sequence analysis led us to hypothesize the aforementioned sequence is a putative NLS of ErbB2.
To validate our hypothesis on the ErbB2 NLS, we constructed a GFP-ErbB2 plasmid containing the putative NLS sequence (GFP-ErbB2Δ655-699) and transfected it into HeLa and COS-7 cells, respectively. To map a minimal sequence in ErbB2 which is responsible for ErbB2 targeting to the nucleus, we constructed several GFP-tagged ErbB2 fragments ( Fig. 2A) and expressed those constructs in HeLa cells. Examination of GFP fusion protein localization reveals that the putative NLS containing 14 amino acids is sufficient to traffic to the nucleus (Fig. 2B , e, f; Fig. 2C , e, f). To determine if this putative NLS is essential for targeting ErbB2 to the nucleus, we deleted the NLS (655-668) and generated construct GFP-ErbB2Δ669-699. As shown in Fig. 2B (c, d) and Fig. 2C (c, d) , elimination of the putative NLS resulted in diffused distribution of GFP-ErbB2 in both cytoplasm and the nucleus. Similarly, expression of ErbB2 ICD without NLS (GFP-ErbB2Δ669-1234) accumulates in the cytoplasm only (Fig. 1B, e, f; 1C, e, f), indicating that the putative NLS is required for the nuclear localization of ErbB2. To validate the specificity of this phenotype, we carried out our experiment using a different tag (Fig. 3A) . As shown in Fig. 3B , FLAG-ICD is also translocated into the nucleus and FLAG-ICDΔNLS accumulates in the cytoplasm only. Thus, we conclude that the 14 aa NLS (KRRQQKIRKYTMRR) is essential for the nuclear localization of ErbB2 ICD.
Role of basic amino acid residues in nuclear localization of ErbB2
It is generally believed that NLS can be categorized into at least three different types. The first type of NLS is a continuous stretch of amino acids, which also called monopartite. The second type of NLS is a bipartite sequence, which contains two clusters of basic amino acid residues separated by an intervening 10-12 aa spacer. The third type is non-classical NLS that do not contain well-conserved sequence [24] . The NLS sequence of ErbB2 KRRQQKIRKYTMRR contains three clusters of two or three continuous basic amino acid residues. To determine precisely which cluster is responsible for the nuclear localization, site-directed mutants in the basic residues within each basic amino acid cluster were generated (Fig.  4A) . A list of the three resultant NLS mutations was shown in Tab. 2. All the three mutants were based on the construct of GFP-ErbB2Δ655-699. As shown in Fig. 4B , substitution of basic amino acids within the NLS disrupted the nuclear localization of ErbB2 in HeLa and effected a diffused cytoplasmic distribution, indicating that all three basic amino acid clusters are essential for the nuclear localization of ErbB2. Thus, we conclude that the NLS of ErbB2 seems belongs to a non-classical NLS, neither bipartite nor monopartite.
DISCUSSION
Although nuclear localization of the four ErbB family members has been described recently, the functional NLS was reported in EGFR, ErbB3 and ErbB4 but not in Erb2. Our identification of NLS in ErbB2 indicated that nuclear translocation by NLS is a common phenomenon for all ErbB family members perhaps includes the whole tyrosine kinase receptor family. We summarize identified amino acid sequences of all four NLS in ErbB family in Tab. 3. The functional significance of cell surface receptor nuclear translocation was exemplified by the recent studies including the interaction of nuclear EGFR with cyclin D1 promoter [11] , the association of nuclear ErbB2 with COX-2 promoter [12] , and the regulation of STAT5A by ErbB4 
Tab. 3 Comparison of identified NLS in the ErbB family
Amino acid residues are indicated with the single-letter code. Bold letters indicate the basic amino acids. The NLS reported in this study is underlined. In the case of ErbB4, the intracellular domain was reported to be present in the nucleus [14, 15] . It was recently reported that full-length ErbB2, like EGFR and ErbB3, translocates to the nucleus [12] . However, our expression of full-length ErbB2 in COS-7 cells revealed no obvious nuclear localization but instead a typical plasma membrane surface distribution. Large collection of experimental evidence demonstrated that ErbB2 undergoes proteolytical cleavage of its extracellular domain (ECD) which yields an activated intracellular domain. Since the ECD proteolysis of ErbB2 is similar to that of ErbB4, we therefore proposed that ErbB2 ICD may translocate into the nucleus like ErbB4 and exerts its nuclear function. Our identification of functional NLS in ErbB2 suggests that nuclear translocation is a general phenomenon underlying ErbB family members, which may also be relevant for EGFR nuclear translocation. The ErbB2 NLS, the putative EGFR NLS and ErbB4 NLS share basic residue stretches positioned immediately downstream of the transmembrane domain. Unlike the other ErbB family members, ErbB3 does not have a functional tyrosine kinase domain. So, the position of ErbB3 NLS is different from the other members of the ErbB family. These studies suggest that the nuclear activities of ErbB family, except for ErbB3, are functionally and/or mechanistically similar. We demonstrated above that the N terminus of ErbB2 intracellular domain harbors an unconventional NLS ( 655 KRRQQKJRKYTMRR 668 ) that controls its nuclear localization. Mutation analysis revealed that the basic amino acid clusters in this NLS is required for the nuclear localization of GFP-ErbB2 fusion proteins. The requirement of all three basic amino acid clusters for the nuclear localization of ErbB2 establishes a novel class of NLS. Given the importance of ErbB2 nuclear signaling cascade in the development and progression of breast cancer, it would be of great interests to explore whether modulation of this 14 amino acid NLS by small molecules could intercept the nuclear localization of ErbB2 in cancer cells.
Taken together, our study reveals a novel class of NLS in ErbB2 which is essential for targeting intracellular domain of ErbB2 to the nucleus. The identification of NLS in ErbB2 provides molecular basis account for the mechanism underlying ErbB2 nuclear trafficking and function.
